INTRODUCTION
Magnetite (Fe 3 O 4 ) is a ferrimagnet below its Curie temperature T C = 850 K, having an inverse spinel cubic structure with O h7 (Fd3m) space group [1] . The Fe ions are distributed among two different crystallographic sites: the octahedral B site occupied by both Fe 2+ and Fe 3+ ions, and the tetrahedral A site, where only Fe 3+ ions are present. Previous works on band calculations in bulk magnetite have shown that only one of the spins channels has a gap at the Fermi level, suggesting that conduction electrons are fully spinpolarized in Fe 3 O 4 [2] . In spite of the fact that this theoretical polarized band structure should display a large magnetoresistance (MR) effect, this consequence has not yet been observed experimentally. Indeed, only a modest MR effect has been so far observed at room temperature (up to 3-4 % in fields of 1592 kA/m) for thin films, whereas for high-quality Fe 3 O 4 single crystals the MR effect is absent [3] [4] [5] [6] . Fe 3 O 4 films show divergences regarding the magnetic behavior as compared with bulk material. For example, Arora et al., [7] have observed that saturation magnetization of epitaxial films is strongly related to the thickness of the film, obtaining an M S value of 1000 kA/m for 5 nm in comparison to the 512 kA/m of the bulk material [8] . Saturation field of epitaxial or polycrystalline films (up to 1194 kA/m) exceeds by far the corresponding value for single crystals (~ 24 kA/m) [9] ; however, the experimental values on MgO obtained for the effective magnetic anisotropy on these films have explained assuming only magnetocrystalline and shape anisotropies, without any additional mechanism [10] .
There are at present no general consensus regarding the detailed magnetic structure of Fe 3 O 4 epitaxial films obtained from different synthesis routes such as molecular beam epitaxy (MBE), pulsed laser deposition (PLD) etc., and also related to different substrates such as MgO, Al 2 O 3 , MgAl 2 O 4 , BaTiO 3 and SrTiO 3 [7, [9] [10] [11] [12] [13] [14] [15] [16] , despite some results indicates that the magnetism and magneto-*Address correspondence to this author at the CONICET, Centro Atómico Bariloche, 8400 S. C. de Bariloche, RN, Argentina; Tel: (54) 294 4445158; Fax: (54) 294 4445299; E-mail: lima@cab.cnea.gov.ar transport phenomena in this kind of film are controlled by the domain boundaries and the anti-ferromagnetic couple strength in the boundary [9] . For example, the close structural match between MgO and Fe 3 O 4 cell parameters (about 0.3 %) usually yields to epitaxial growth on this substrate. However, it has been demonstrated that the lower symmetry and larger unit cell of the magnetite crystal structure can result in 'broken' cation sublattices at the Fe 3 O 4 layers on MgO, as well as different directions on nucleation of Fe 3 O 4 islands on the first stages of the growth process [10] . These considerations have been the basis of one of the key concepts to understand the magnetotransport properties of Fe 3 O 4 epitaxial films through the antiphase boundary (APB). The APB is a natural growth defect in epitaxial films, whose origin is associated to discontinuities in the cation B sublattice, along definite directions on the angle and distances governing the A-A, B-B, and A-B exchange interactions. The magnetic coupling over a large fraction of these APB´s is antiferromagnetic (AF), yielding a local magnetic structure different than the bulk material [17] . It has been proposed that these AF-APBs are efficient scattering centers for the fully spinpolarized electrons that results in the increased resistance observed in thin films. The domain size or the APB density seems to be dependent of the thickness [17] and of the misfit with the structure of the substrate [15] .
Polycrystalline Fe 3 O 4 films were prepared by sputtering, chemical vapor deposition (CVD), PLD, electrodeposition, etc, on different substrates (MgAl 2 O 3 , Al 2 O 3 , quartz, glass, SiO, etc.) [9, [18] [19] [20] . The structure and the granulometry for these films depends strongly from the synthesis method and growth conditions, as well as from the substrate. In this way, the magnetic and transport properties are strongly influenced by the synthesis method and growth conditions. In general, polycrystalline films present high saturation field as consequence of the grain boundary, and its value depend on the morphology, stoichiometry and structure of the film [9, 18] . Resistivity is higher than the bulk one, as consequence of the scattering in the grain boundaries [9, 18] . Magneto-resistive behavior are also observed for polycrystalline films and it is determined by the spin-polarized electron tunneling trough the grain boundary [9, 18] . Magnetic and transport properties of Fe 3 O 4 films are also de-pendent of crystallinity and stoichiometric characteristics, which are associated to the growth conditions too. For example, Bohra et al. [19] have observed significant improves in the crystallinity and in the magnetic properties of annealed polycrystalline films, while Mantovan et al., [18] correlate the number of vacancies and the stoichiometric characteristics with the magnetic and transport properties of the system.
From the above discussion it is clear that precise control over the morphology and phase purity is necessary to disentangle the underlying transport mechanisms, inasmuch as they depend strongly dependent on their chemical composition and microstructure. In this context, CVD processes using single molecular precursors offers a convenient method for the size-and morphologycontrolled deposition of metal oxide film [21, 22] . Molecular chemical compounds that mimic the atomic composition or bonding features of solid phases are attractive precursors because they allow a control over the evolution of materials from discrete single-or poly-atomic units (molecule) to the extended frameworks (bulk) [23] [24] [25] . From this, we can obtain a molecular design for conservation of valence and stoichiometry in CVD (0001)). We have observed a strong and straight influence of the precursor on the magnetic and transport properties of Fe 3 O 4 films, overlapping the influence of the mismatch between the structure of films and the substrates. These results are important for future application of precursors with molecular design for conservation of valence and stoichiometry for CVDdeposited Magnetite films.
MATERIALS AND METHODS
The Table 1 .
X-ray diffraction patterns were collected with -2 geometry and using Ni-filtered Cu-K radiation ( =0.15418 nm). The resistivity measurements as a function of temperature ( (T)) were made using a DC four-probe method. For all contacts we obtained linear IxV curves at room temperature applying DC voltages (V) and measuring the current (I) in a four-point geometry. Magnetization curves were made in a commercial SQUID magnetometer as function of temperature (M(T)), in zero-field-cooling (ZFC) and fieldcooling (FC) modes, and applied field (M(H)) up to 5570 kA/m, with applied field parallel (in-plane) and perpendicular (out-ofplane) to the film plane. Magneto-resistance curves (MR(H)) at room temperature were collected up to 1592 kA/m using a fourprobe geometry, with applied field in-and out-plane. The magnetoresistance MR(H) was calculated using the relationship:
where R(0) is the resistance at zero applied magnetic field. Magnetic (MFM) and Atomic force microscopy (AFM) images were made in Nanoscope III A -Digital Instruments, operating in tapping mode, and phase contrast for MFM images. Table 1 shows a difference in the deposition rate of the films depending of the precursor and T pre , as calculated by the thickness from RBS analysis. The highest deposition rate were obtained for the set formed by samples S7, S8 6 ] at (T pre = 354 K), presents the lowest deposition rates (0.8 -1.9 nm/min.). Therefore, the deposition kinetic drastically changes with the precursor used in the process, while the effects of the temperature of the precursor T pre are significantly smaller. Table  1 also gives the composition values obtained from RBS, being between 38 % and 44 % at. Fe for all samples. The nominal value for the bulk magnetite is ~ 42.8 % at. Fe. Crystallographic analysis (XRD) of sample S7 (Fig. 1a) 8 ] at T pre = 357 K, shows the peak characteristic of (004) plane of magnetite together with the intense peak corresponding to the (001) direction of the MgAl 2 O 4 precursor. We also observe the peak relative to the direction (311) with very low intensity in comparison to the (004) one (about 50 times smaller). The main contribution to the XRD profile of this sample can be fitted with three pseudo-voigt curves: peak (004) of magnetite and the K 1 and K 2 contributions of the peak (001) Table 2 . For comparison, we also present in Fig. (3) the M(T) curves of a commercial magnetite monocrystal, which shows a markedly ( T V = 8 K) Verwey transition at T V = 109 K. This value of T V is lower than the expected for the magnetite (122 -125 K), indicating a variation in the stoichiometry of the monocrystal with respect to magnetite [2] . T V values obtained for the films are between the monocrystal and the bulk ones, at the same time, our values of T V are slightly higher than that one of the monocrystal. These are evidences of the stoichiometric and structural quality of our films, since T V is strongly affected by these factors. In Fig. (4) , we present the T V as function of the thickness, showing clearly three groups of samples: (S1, S2, S3), (S4, S5, S6) and (S7, S8, S9). These groups are reflected in the plot of T V vs. thickness (see inset of Fig. (4) ) too, except for sample S9, closer to samples S1, S2, and S3. Therefore, there is a straight connection between the synthesis conditions (precursor and T pre ) and T V and T V . The group (S1, S2, S3) (deposited from [Fe 6 ] (samples S4-S6) present no saturation up to 1592 kA/m, with extrapolated values given M S = 450 -467 kA/m. The absence of saturation for the fields used in our magnetization measurements is expected for polycrystalline films as consequence of the grain boundaries [28] . In-plane and out-of-plane M(H) curves of sample S5 and S8 are compared in Fig. (5b) , showing that the inplane in the easy direction for both (demagnetization factor was taken into account in the out-of-plane curves). This result is expected because of the shape anisotropy, with in-plane and out-ofplane curves converging one to another at H = 398 kA/m, which indicates the intensity of the shape anisotropy.
RESULTS AND DISCUSSION
In spite of the same granular nature of all samples in the present series, some differences in their magnetic properties were observed in their values of M S , saturation field, T V and T V . Regarding 8 ] precursor. Concurrently, those samples were found to saturate at lower applied fields. We have previously mentioned that a direct relation between the precursor and T pre with T V and T V was observed. We propose that this dependence is associated to the deposition kinetics thickness-(see Fig. (4) 6 ], probably as consequence of the higher local crystallographic order in the samples associated to the first one, which is reflected in the values of T pre and T V . The differences in the magnetic properties between samples prepared from the two precursors is also probably related to the differences in the deposition kinetic, as evaluated from RBS analysis (see Table 1 ). Fig. (6a-c) displays the AFM and MFM images side-by-side for the samples S2, S5 and S8, respectively. These images indicate that there are differences in the patterns observed in MFM images and the morphology in the respective AFM ones. For samples S2 and S8, we observe that MFM pattern seems to be smaller than the grains observed in the AFM image, while for sample S5 we observed the opposite situation: larger pattern in MFM image than in the AFM one. Thus, in the last sample, the magnetic domain proba- Fig. (5) . Fig. (5a) shows the M(H) curves for in-plane direction of all samples measured at room temperature and the magnetization values are given in kA/m by using the volume of the film in each sample. Fig. (5b) displays the in-plane and out-of-plane M(H) curves of sample S5 and S8, showing that the in-plane is the easy direction for both (demagnetization factor was taken into account in the out-of-plane curves).
bly incorporate more than one grain and in samples S2 and S8 one grain should present more than one magnetic domain. The AFM/ MFM images of samples S7 and S9 deposited on MgAl 2 O 4 and Al 2 O 3 , respectively (Fig. 6d-e) , showed no major differences with sample S8 (deposited on MgO). This result demonstrates that the final magnetic structure has a stronger dependence on the precursor than on the substrate, in agreement with the results from M(T) and M(H) data.
Transport and Magneto-Transport
The resistivity curves as function of temperature ( (T), with 90 K < T < 300 K, excepting for samples S2, with 120 K < T < 300 K) of all samples show a continuous increase with decreasing the temperature for all samples, as expected for the magnetite. Fig. (7a) displays the plot of ln( (T)) vs. 1/T for samples S1, S2 and S3 (de- Fig. 7b ).
These two distinct thermal behaviours observed for the ln( (T)) curves of our films indicate a difference in the fundamental mechanism of the charge transport in these systems. In a polycrystalline film, the thermal dependence of the resistivity with 1/T 1/2 is expected, since the charge transport is dominated by the scattering of grain boundaries [6, 18] . In this case, the resistivity depends majority from the grains size, which is associated preferentially to the synthesis conditions and not with the thickness of the film. In fact, we observe that samples S4, S5, S6, S7 and S9 present similar values of resistivity for all the temperature range measured, independently from the thickness of each sample.
For Samples S1, S2, S3 and S8, the linear dependence of ln( (T)) vs. 1/T supports the thermally-activated mechanism and suggests that spin-polarized transport through the anti-phaseboundaries (APBs) is the major mechanism. Accordingly, the antiferromagnetic coupling of APBs [29] will act as a scattering center for the fully spin-polarized electrons. In our highly crystalline, orientated and granular films, the presence of APBs is probably associated to the correlation between the morphological (grain size) and magnetic (domain size) characteristics lengths. For samples S1, S2, S3 and S8 the domain size seems to be smaller than the crystalline one. It is expected that the APBs density decreases with increasing the film thickness [17] , and therefore the resistivity should decrease for thicker films. In our samples this characteristic can be clearly observed, as pointed out in Fig. (7b) .
From the linear fit of the data presented in Fig. (7b) with eq. (2), we determined the values of E a and 0 for samples S1, S2, S3 and S8 ( Table 3) . As expected 0 decreases with increasing the thickness, varying from 0.3x10 -3 to 2.2x10 -3 .cm, in agreement with those ones obtained for epitaxial Fe 3 O 4 films with 50 and 200 nm [17, 29] . While the value of E a are almost constant among these samples, varying from 70 meV for sample S1 to 75 meV for sample S8, close to the values observed in the literature for epitaxial films of magnetite [2, 4] .
In general, the resistivity of films whose the scattering in the grain boundaries are dominant present for the polycrystalline films, where this mechanism is dominant, is larger than that of epitaxial ones [6, 9, 18, 30] . Our results presented in Fig. (7a) and (7b) agrees with this prediction, with samples S4, S5, S6, S7 and S9 presenting a resistivity about 10 or 100 times greater than samples S1, S2, S3 and S8 for any temperature range. In Table 3 , we present the values of at T = 295 K ( (295 K)): for example, (295 K) for sample S8 (thickness of 250 nm and transport dominated by APBs) is 10 times smaller than that of sample S9 (thickness of 360 nm and transport dominated by grains boundaries).
From the results presented above, it is clear that the structure of the precursor plays a fundamental role on the resulting magnetotransport properties. While the transport mechanism observed in the Fig. (7) . Fig. (7a) shows the plot of ln( (T)) vs. All samples presented a similar dependence of the resistivity with the applied field (MR(H) curve, obtained according eq. (1)), as shown in Fig. (8a) and (8b) for the in-plane and out-of-plane measurements, respectively. The MR value at 1592 kA/m in the in-plane configuration varies from 1.7 % for sample S1 up to 3.6 % for sample S8. For the out-of-plane configuration, we observe that the values are slightly smaller: 1.4 % and 3.1 % for sample S1 and S8, as shown in Table 3 . In the low field region (H < 398 kA/m), in-plane and out-of-plane MR(H) curves present linear and parabolic behaviour, respectively, while for H < 795 kA/m both curves shown a linear behaviour. This difference in the MR(H) curves at low-fields was observed in both polycrystalline [6, 18, 30] and epitaxial [17, 29] films. For polycrystalline films, the linear and quadratic behaviour at low fields for in-plane and out-of-plane curves can be explained in terms of the tunnelling of the spin-polarized electrons through inter-grain anti-ferromagnetic boundaries [18] . In epitaxial films, these behaviours at low-fields can be explained in terms of a model based in the APBs and uniaxial anisotropy proposed by Eerenstein et al. [29] . According to this model, the transport properties in the epitaxial Fe 3 O 4 films are determined by the tunnelling of spinpolarized electrons through the thin and marked APBs (antiferromagnetic domain boundaries), adding the effects of a uniaxial anisotropy constant K for low applied fields. The conductivity for this kind of system calculated for a non-adiabatic limit is given proportional Expanding the (field-independent) conductivity of bulk material in powers of a field-dependent term AF (H) (small perturbations), we obtain a field-dependent magnetoresistance given by:
Therefore, in-plane and out-of-plane MR(H) curves must scale with the respective magnetization curves, in this case (M/M S ) 2 vs. H, for the low-field region. Fig. (9) shows that the scaling between these curves is excellent for sample S8. In the high-field region (H > 795 kA/m) where the magnetization is almost saturated, the conductivity showed a linear dependence of the applied field.
As the grain-boundaries act as scattering centers for the antiferromagnetically-coupled spin-polarized electrons, it is expected that samples S4, S5, S6, S7 and S9 display MR(H) curves that are similar to those measured for samples S1, S2, S3, and S8. Therefore, the samples where the grains boundaries or APBs dominate the trasnport properties will have different thermal dependence of the resistivity, but similar MH(H) curves.
Sample S7, S8 and S9 presented the largest MR values as consequence of their synthesis conditions. The higher MR values observed for this set of samples could be associated with the larger density of APBs or grain-boundaries, depending of the sample, which was in turn originated from the faster growth rate observed for these samples. The different (faster) kinetics is likely to produce an increment of the "seed" magnetite islands during the first stages of the deposition. Consequently, it could lead to an increment in the density of APBs and grain-boundaries, which is also reflected in the magnetic properties of the system, specifically in the temperature of the reduction in the magnetization as consequence of the Verwey transition (Fig. 4) .
It is interesting to note the deviations observed in the contents of Fe and O with respect to the quantities expected for magnetite (relation Fe/O = 0.75), obtained from RBS data in these films. Indeed, for sample S2 and S7, the amount of Fe/O are 0.61 and 0.64, close to the value expected for maghemite (0.66). Although the presence of small amounts of maghemite could not be completely ruled out by the present data, it is worth to mention that the errors involved in RBS measurements and analysis (~ 5 %) could at least partially explain this deviation. However, the electrical behaviour of both gamma-Fe2O3 and Fe4O4 phases are completely different one from another. Maghemite is an insulator with resistivity values several orders of magnitude larger than those usually found for magnetite at room temperature. In our samples, the resistivity measured varied from 5 to 75 m .cm, whereas maghemite values are usually within the 30 k .cm range. Additionally, the films presented a clear Verwey transition, a signature og magnetite that is not present in maghemite. It is interesting to mention that the magnetotransport effects observed for both mechanisms, AF-APBs and grain-boundary-scattering, are not expected for insulating systems such as maghemite. The above data make the possibility of maghemite to be present highly unlikely.
CONCLUSIONS
The first conclusion from the systematic analysis of the present series of magnetite films is the strong influence of the precursor type and temperature on both the resulting microstructural and magneto-transport properties. 6 ] precursor. By appropriate combination of the precursor kind, substrate and deposition temperatures T pre , the observed scattering was dominated by either APB´s or grain boundaries. These results confirm the possibility to tune the magnetic and transport properties of magnetite films from CVD deposition by selecting appropriate deposition temperature and precursor type. 
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